[P lates [1][2][3] M etal films of high an d reproducible catalytic activ ity were obtained by condensation of th eir vapours on glass a t any desired tem perature. T he c a ta lytic a c tiv ity was m easured b y th e hydrogenation of ethylene. The crystal stru ctu re of these films was investigated by electron diffraction. B y con trolling th e pressure of an in ert gas (nitrogen, argon, etc.) during ev ap o ra tion of th e m etals, u n oriented and oriented films could be produced a t will, an d th eir cataly tic activities were com pared.
(Communicated by J. W. McBain, F.R.S.-Received 4 April 1940) [P lates [1] [2] [3] M etal films of high an d reproducible catalytic activ ity were obtained by condensation of th eir vapours on glass a t any desired tem perature. T he c a ta lytic a c tiv ity was m easured b y th e hydrogenation of ethylene. The crystal stru ctu re of these films was investigated by electron diffraction. B y con trolling th e pressure of an in ert gas (nitrogen, argon, etc.) during ev ap o ra tion of th e m etals, u n oriented and oriented films could be produced a t will, an d th eir cataly tic activities were com pared.
Com pletely oriented nickel films were o btained w ith an in ert gas pressure of 1 m m ., th e (110) plane, th e least dense of th e planes, lying parallel to th e backing and th e tw o rem aining axes showing random distribution. Iro n films were oriented w ith th eir (111) plane parallel to th e backing, again th e least dense plane th u s oriented.
Low-pressure adsorption bf hydrogen a t room tem p eratu re an d of carbon m onoxide a t liquid-air tem p eratu re revealed th a t th e oriented gas-evaporated nickel films have twice th e available surface per gram of random ly oriented high-vacuum films b u t te n tim es th e a c tiv ity . T he oriented films have th e re fore fivefold th e a c tiv ity of u n o rien ted films. O riented films of an available surface equal to u n o rien ted b u t of fivefold a c tiv ity could also be o b tained in high vacuum b y ev ap o ratio n on to o riented films previously produced by evapo ratio n in a n in e rt gas.
The a c tiv ity p er u n it w eight of th e films was co n stan t, indicating read y accessibility to th e in terio r of th e film b y th e reacting gases.
A dsorption of hydrogen was found to be im m easurably fast in all cases. A dsorption isotherm s on nickel films were o b tained for ethylene, carbon m onoxide, nitrogen, hydrogen a n d oxygen; an d th e effect of c a taly st poisoning b y carb o n m onoxide and oxygen, as well as th e effect o f sintering, was studied. Loss of ac tiv ity , decrease of hydrogen adsorption, an d am o u n t of poison were found to be proportional.
The m ost extensive studies were m ade on nickel films, b u t films of iron, cobalt, palladium , p latin u m an d copper were also investigated, an d w ith th e exception of copper sim ilar results were obtained. The enhanced a c tiv ity of oriented films appears to be associated w ith th e larger distances in th e (110) plane of nickel or th e (111) plane of iron.
T he bearing of th e results on th e definition of active centres an d on th e general problem of ad sorption is discussed.
A. Introdikjtion
The principal purpose of this investigation is to correlate catalytic activity and physical structure of catalysts. In order to achieve this objective it seemed desirable th at the catalyst chosen for the study should be an element preferably not obtained from the oxide by reduction with hydrogen, th at the catalyst should be obtained in the form of a flat film which would lend itself easily to investigation of its structure by electron diffraction, and th at the catalysed reaction should have simple kinetics so th a t rates of reactions could be easily compared.
In addition to these requirements it seemed im portant to secure absolute reproducibility of results; this has been lacking in many catalytic investiga tions in the past.
After numerous orienting experiments with various catalytic materials in different forms of apparatus, suitable catalyst materials were found in the form of evaporated metal films of those elements which catalyse the hydrogenation of ethylene, a reaction found particularly suitable for the purpose. Metal films, both sputtered and evaporated, have been studied in the past from the standpoint of catalytic activity as well as from the standpoint of crystal structure,* although only a few attem pts have been made to correlate activity and structure of such films.* The results reported in the literature in each of these fields are conflicting and often contra dictory. Many of these discrepancies are readily explained from the standpoint of the results of this investigation.
B. Apparatus
Reaction vessel. The design of the reaction vessel was the outcome of careful study. Though essentially a static method was employed, it was found necessary to maintain a fast flow of the reacting gases past the catalyst in order to remove the reaction product and make the catalyst accessible for fresh reactants a t all times. The vessel was therefore con structed in the form of a continuous circulatory flow system. Various forms were employed, one of which is shown in figure 1. The wide arm on the left side contains in its centre an approximate 10 cm. long constriction of about 1 cm. inside diameter. This constriction is surrounded by a jacket, and the thin-walled inner tube may be maintained a t any desired tem pera ture by pumping cooled or heated liquids through the jacket. Other forms of the Vessel were totally or partly immersed into baths a t the desired temperature. Figure 1 shows on the upper right side an all-glass turbine whose glass-enclosed soft iron rotor is driven by a rotating magnet from the outside. If the coils of this magnet are energized by A.C. or preferably by half-wave rectified A.C. of 60 cycles, the motor may be shut olf after the rotor has been brought up to speed, and in the latter case (i.e. with half-wave rectifier A.C.) the turbine rotor will run a t a constant speed of 30 rev./sec. which has been verified by means of a stroboscope.f W ith a well-built turbine a linear velocity of 2-3 m./sec. was obtained in the centre of the 1 cm. wide and 10 cm. long constriction. The catalyst was deposited on to the inside of this piece of tube by evaporation from an electrically heated hairpin-shaped wire. The wireholder was either sealed into the vessel or was set into position by means of a water-cooled ground joint. In figure 1 this is a double joint permitting the easy removal of the whole continuous flow system for cleaning purposes. The reaction rates were followed manometrically either by a mercury manometer directly or indirectly via a highly sensitive all-glass Bourdon gauge used as zero * B redig an d Allolio (1927)5 F inch, M urison, S tu a rt and Thom son (1933) and Finch an d Ik in (1934) .
f The actual procedure in th e la tte r case is as follow s: S ta rt th e m agnets ro tatin g w ith o u t energizing them , th e n energize w ith half-w ave rectified arc. T he ro to r will tu rn slowly in opposite direction to th e m agnets. T hen stop th e ro ta tio n of th e m agnets and th e ro to r will come up to 30 rev./sec. w ith th e m agnets statio n ary . instrument. The latter procedure proved to be an unnecessary precaution, as most reaction rates were high as compared to the slow diffusion of mercury vapour from the gauge to the reaction vessel proper.
Electron diffraction camera. The electron diffraction camera was similar in design to th at described in great detail by Germer (1935) . The metal films for structure investigation were produced in a special glass apparatus under exactly the same conditions as the films used in the study of the chemical kinetics, the only modification being th at the metal film could be produced on a flat water-cooled glass surface of 1-2 cm.2 which could be removed as a separate unit and placed directly into the electron diffraction camera.
Experimental procedure. In order to obtain metal films of high activity and good reproducibility careful observance of the following procedure was found to be essential. Only extreme cleanliness and baking out of the reaction vessel proper under high vacuum for at least 2 hr. at or close to 500° C before each new metal deposition will secure the desired repro ducibility. This point cannot be over-emphasized, and the failure of previous workers in the field to obtain active and reproducible films can be largely attributed to inadequate degassing of the apparatus. I t is also necessary to free the filaments from occluded gases. This is best done by heating the filament just below the evaporation point for the last hour during the baking-out process.
After degassing of glass vessel and filament, the apparatus is allowed to cool and carefully purified gas is admitted if evaporation of the metal is to be carried out in a gas. During evaporation the glass wall upon which the evaporated metal is deposited is cooled to the desired temperature. The evaporation rate used was approximately 0-5 mg. of metal per min. After deposition of a film of desired thickness the apparatus is ready for measurement of-the reaction rate. The catalyst is cooled or heated to the desired temperature, the circulation turbine is started, and a hydrogenethylene mixture is admitted. Initial pressures of 100-500 mm. were used most frequently, and, with a total volume of approximately 400 c.c., the pressure change may easily and accurately be followed by the mercury manometer. The velocity constants obtained were independent of initial pressure.
In order to standardize the experimental procedure as far as possible all reaction rates refer to the hydrogenation of ethylene and have been measured at 0° C unless otherwise indicated. The simplicity of the kinetics of this reaction has greatly facilitated the measurement and correlation of rate constants throughout this investigation. In all cases the reaction was of the first order with respect to hydrogen. However, in order to secure this result, especially for catalysts of high activity, it was necessary to use forced gas circulation by means of the turbine described above. Although the order of the reaction in a given run was independent of the ethylene pressure, an excess of ethylene lowers the reaction rate considerably in agreement with earlier work in this field. All rate measurements were therefore carried out with equi-molar mixtures of hydrogen and ethylene. first-order law is well obeyed for slow as well as fast reactions. The slopes of similar curves were used throughout this work for evaluation of the velocity constants. Keeping the temperature at which the reaction rates are measured constant (0° C) three main factors affect the activity of the evaporated catalysts: (a) the film thickness, ( ) the pressure of inert gas in which the film is evaporated, and (c) the temperature of the glass surface on to which the metal vapour is condensed. In figure 3 are plotted velocity constants (multiplied by 100/2;303 for convenience) against the weight* of the nickel films in m g ./3 0 cm.2. The upper curve shows the activity of nickel films evaporated in 1 mm. of nitrogen and deposited on a glass surface at 23° C, and the lower curve shows the activity of nickel films deposited at the same temperature in high vacuum. The point, marked A , represents a nickel film from evaporation in 1 mm. of argon under otherwise equal conditions. The two curves show th at the activity increases with film thickness and that the films evaporated in 1 mm. of nitrogen or argon have many-fold higher activity than those evaporated in high vacuum. The extremely high activity of gas-evaporated films may best be judged from the fact th at a nickel film of 29 mg. evaporated in nitrogen has a half time of less than 10 sec. for an equi-molar mixture of hydrogen and ethylene at atmospheric pressure. The increase of activity with film thickness (weight) is of great interest, since it suggests th a t the whole interior of the film partakes in the catalysis and must therefore be porous. I t will be shown later th at this is also borne out by measurements of ad sorption and electrical conductivity. I t may also be stated a t this point th a t within the experimental limits no gas (nitrogen or argon) is adsorbed by the nickel film during evaporation. With the apparatus used one gas atom could have been detected for every 10,000 metal atoms evaporated.
C. E xperimental results with nickel films

Activity measurements
The differences in height and shape of the two curves shown in figure 3 can only be due either to a difference in surface area or to a difference in intrinsic activity per unit area or both. To investigate these possibilities, surface areas were determined by gas adsorption measurements, and the crystal structure of the films was investigated by electron diffraction.
Adsorption measurements
The adsorption measurements were carried out either directly in the same apparatus in which the reaction velocities were measured or in a tube of small volume in which the metal film was produced under conditions identical to those in the reaction chamber. With the latter apparatus dead space and glass surface could be reduced to a minimum. Pressure measure ments were made by a McLeod gauge. The procedure was simply to allow the gases to expand from a known volume and known gas pressure into the catalyst chamber, the volume of which was likewise known. From the resulting over-all pressure the adsorption may be calculated. In figure 4 are shown results for adsorption measurements of hydrogen at room temperature and for carbon monoxide at -183° C on nickel films of various thickness evaporated in high vacuum and in 1 mm. of nitrogen. The residual gas pressure over the catalyst was in all cases close to OT mm. The results are of interest in various ways. The striking fact th at the number of hydrogen atoms adsorbed at 23° C is equal to the number of carbon monoxide molecules adsorbed at -183° C shows clearly that each available lattice space on the surface is occupied by a carbon monoxide molecule, whereas the same space is occupied by a hydrogen atom only. This result demonstrates convincingly the monomolecular nature of the carbon monoxide adsorption at -183° C as found by Emmett and Brunauer (1937) for synthetic ammonia catalysts. Of special interest, however, are two further results of the measurements presented in figure 4: (1) the surface of nickel films evaporated in 1 mm. of nitrogen is only twice as large as for the correspondingly high vacuum films, and (2) the surface of both film types increases linearly with the film thickness. On comparing these results with the activity curves of figure 3 it is seen that the activity differences of the two film types cannot be explained by differences in surface alone. It is to be noted that, although the area of the gas-evaporated films is only twice as large as that of the corresponding high-vacuum film, their activities differ by a very much greater factor, and that the adsorption shows a linear increase with film thickness, whereas the activities increase faster than linearly with the exception of gasevaporated films heavier than 15 mg.
Measurements of electrical cond
The adsorption measurements were supplemented by measurements of the electrical conductivities of the two types of films. These measurements were made in the same apparatus. For this purpose the catalyst tube was equipped with two very thin platinum rings about 3 cm. apart from each other which were well 'worked' into the hot and soft glass surface so as to form two conductive rings. The catalyst films were simply evaporated across these rings in the usual manner, and the conductivity between the rings was measured via suitable with the adsorption measurement, as both measurements show th a t the films are homogeneous throughout their thickness and th a t the films evaporated in 1 mm. of nitrogen are more porous than high-vacuum films. Calculation shows th a t the latter have about seven times the resistance of bulk nickel, while the gas-evaporated films possess twentyeight times the resistance of bulk nickel.
Adsorption and conductivity measurements can explain any linear increase of the activity. They do not, however, explain the more than linear increases and especially not the large factor between the activities of gas and high-vacuum evaporated films shown in figure 3. These differ ences must therefore be due to differences in intrinsic activity per unit area of the two film types. A satisfactory and apparently complete explanation, however, has been found through the agency of electron diffraction studies of these films, leading to a new definition of active centres.
Electron diffraction studies
As already mentioned, films of various thickness were evaporated on a special specimen holder under varied conditions identical with those obtaining in the catalytic vessel.
(a) General results.
Before discussing in more detail the variables affecting the structure of the films a number of electron diffraction pictures are shown in figure 6 (plate 1), each picture relating to a certain point (as indicated by arrows) on figure 3 which is here reproduced. The structural difference between the two film types is at once evident. The highly active films evaporated in 1 mm. of nitrogen or argon are highly oriented, whereas the films evaporated in high vacuum do not show any preferred orientation for thin films though a pronounced orientation was found for the heaviest films. Gas-evaporated films heavier than 15 mg. are practically completely oriented, and their activity increases linearly with the film thickness. This linear increase must therefore be due to the linear increase of active surface with film weight as shown in figure 4 , the initial more than linear increase of activity for thinner films being due to the increase of degree of orientation with film thickness, until for films of about 15 mg. weight maximum effective orientation is obtained. The activity of the high vacuum-evaporated nickel films increases only slightly more than linearly with film thickness, and there seems to be no doubt th at this is due to the tendency of these films to orient increasingly, though only slightly, with film thickness.
Therefore, in order to compare the activities of oriented and unoriented films quantitatively, some special experiments were carried out in a n attem pt to produce a number of high-vacuum films which would show no orientation. I t was found that entirely non-oriented films of various thickness could be produced by evaporation in high vacuum on to a liquid-air cooled surface. Upon heating to 0° C, at which temperature the activity measurements were carried out, such films have a slightly larger surface than those evaporated on to a surface at room temperature, but the activity increases linearly with film thickness. This is shown in figure 7 SLOPE WEIGHT IN mg.
F ig u r e 7. A ctivities of oriented and non-oriented nickel films reduced to th e sam e adsorptive surface.
where all activities have been reduced to the surface of films evaporated in high vacuum at 23° C. The lower curve represents films which are entirely non-oriented, the upper curve represents the activity for gasevaporated films. The ratio of the slopes of these two curves therefore represents the ratio of the activities of an oriented film and an unoriented film of equal surface. This ratio is very close to five.
(b) Interpretation of diffraction patterns.
The sharp ring patterns obtained with films evaporated in high vacuum were compared with transmission pictures of electrolytically prepared nickel foil, and both were found to have normal face-centred cubic lattice. Electron velocities were measured by calibration with transmission patterns of gold foils; in some cases the gold pattern was obtained simultaneously with the pattern of the film to be studied by allowing a fraction of the electron beam to be scattered by the gold foil. W ithin the maximum experimental error, which did not exceed 0-5%, no deviations from the normal spacings in the nickel lattice were observed for either oriented or non-oriented films.
In the diffraction patterns of the oriented films the intensity maxima (spots or arcs) lie along well-defined layer lines, the distance of these lines corresponding to the (110) spacing. This, together with the correct position of the maxima as to azimuthal angle and radius, show a high degree orientation of the crystallites with their 110 planes lying parallel to the backing.
Though the diffraction patterns were obtained at nearly grazing in cidence of the electron beam, the sharpness of the patterns and the lack of a marked displacement due to refraction show th at the pattern must be mainly due to transmission through projecting crystals.
Catalytic activity, structure and adsorptive properties of ' double films * WT e shall designate as double films the strongly oriented films which were produced in high vacuum in the following manner. Initially a nickel film was evaporated on to the glass surface in 1 mm. of nitrogen so as to produce a strongly oriented film. Evaporation was then interrupted and the vessel was evacuated to high vacuum following which deposition was continued under a high vacuum until a film of desired thickness was produced on top of the oriented gas-evaporated film. In this way a strongly oriented high-vacuum film could be obtained as shown in figure 8 (plate 2), where a high-vacuum film of about 4200 atom layers was condensed on to a gas-deposited film of approximately equal thickness. This shows th at the orientation induced by the oriented substrate is carried through relatively thick layers.
Such double films were investigated both for their adsorption pro perties and their catalytic activity. Curves A and B in figure 9 represent the adsorption properties of gas-evaporated and high vacuum-evaporated nickel films respectively (identical with figure 4). The points were obtained for double films. The upper number gives the amount of nickel in mg. evaporated in 1 mm. of nitrogen, the lower number the amount of nickel evaporated in high vacuum on to the first films. The parentheses indicate th at the oriented high-vacuum film which is part of a double film has the same surface as the unoriented high-vacuum film.
Curves A and B in figure 10 represent the activities of the two types of film (identical with figure 3 ). The open circles are activities of double films, the upper number again giving the weight of the oriented gas-evaporated film, the lower number the weight of the oriented high-vacuum film. The parentheses ending at curve indicate the activities expected for unoriented high-vacuum film. The parentheses ending at the open circle give the activities obtained for the oriented high-vacuum films. The F ig u r e 9. A dsorption on double films. respective activities may be compared directly, since the adsorption is equal for both high-vacuum films (figure 9). The activity increase will depend on the degree of orientation of the double films and on the degree of orientation of the high-vacuum films represented by curve B which, as we have seen, is gradually increasing with film thickness. Taking into account these facts, we again obtain the activity ratio of five to one for an oriented film to an unoriented film.
The black point in figure 10 represents a point of unusual high activity of an ordinary high-vacuum film. When investigated by electron diffraction, the pattern, figure 11, plate 2, was obtained, showing a fairly high degree of orientation which explains satisfactorily the high activity. Such unusual activities occurred occasionally after an apparatus had been in service for a long time. The only other detectable difference between such an apparatus and a newly made one was a strong fluorescence during a gas discharge of those glass parts on to which a nickel film had been often deposited. It seems possible th a t the glass surface is slowly transformed into a state of some unknown composition which induces the orientation. However, it seems more likely th a t the influence of surface impurities (water, oxygen) slowly disappears and that a single adsorbed gas layer may initiate the orientation. This view is supported by the following experiment with an apparatus which had occasionally shown these unusual activities. This apparatus was carefully baked out in high vacuum with, liquid nitrogen traps in the pumping line close to the vessel. A deposited high-vacuum film showed no orientation. In the next experiment the procedure was the same, but shortly before deposition Apiezon grease vapour was in tentionally admitted by removing for a short interval and then replacing a liquid nitrogen bath from a side arm containing some grease. The nickel film which was then deposited on the surface showed fairly good orienta tion. Evidently the layer of adsorbed grease (or gas from the grease) had induced the orientation.
For the sake of greater clearness we have discussed so far only high vacuum-evaporated films and films evaporated in 1 mm. of nitrogen or argon evaporated on to surfaces of room temperature which were pre viously baked out thoroughly. The effect of changing any of these factors will be discussed in the following paragraphs.
(c) Gas pressure during evaporation.
The gas pressure necessary to obtain complete orientation is not very critical and ranges from about 0-5-2 mm. of nitrogen or argon for nickel films. However, a gas pressure of 5 x 10-2 mm. produces films of markedly less orientation and of about 30 % lower activity. If pressures higher than 2 mm. are used, orientation gradually disappears and films evaporated in 8-10 mm. show no orientation. The stronger general background and the broadening of the rings in the diffraction pattern show th at the crystallites are much smaller in this case. Activities of these films were found to be comparable with those of oriented films. A more detailed investigation of this type of films is planned. As has been evident from figure 3 the thickness of the film influences the orientation so that a gas-evaporated film (1 mm.) has to be about 15 mg. of weight to be highly oriented. This is true for a film deposited at 23° on to a glass surface previously baked out at about 500° C. If the glass surface is not baked out, but only degassed by evacuation, the gasevaporated film has to be much thicker in order to be well oriented, a film of about 15 mg. weight being practically unoriented. In figure 12 the catalytic activity relative to a film deposited on to a surface well degassed at 500° C is plotted against the baking-out temperature. A 200 3 00 4i
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F ig u r e 12. C atalytic a c tiv ity of nickel films evaporated in 1 m m . of nitrogen as a function of th e baking-out tem p eratu re of th e supporting glass surface (given relatively to films baked out a t 480° C).
baking-out time of 1 hr. under high vacuum was chosen in this case. The activity of films deposited on a glass surface which had been merely degassed by evacuation at room temperature is in excellent agreement with the activity of a non-oriented film if we take into account th at the gas-evaporated film has twice the surface of the high-vacuum film irre spective of its orientation.
Temperature of glass surface at time of deposition
The influence of the temperature of the glass backing at the time of deposition of the metal film is especially marked at higher temperatures and affects equally strongly both oriented and unoriented films. Strongly oriented gas-evaporated nickel films were still obtainable at 80 C, but a film deposited at 165° C was completely non-oriented. However, orientation loses importance at the higher temperatures, since the films lose their activity rapidly with increasing temperatures of sintering. Our main attention has therefore been given to the sintering process itself. Nickel films were prepared at 23° C and were then heated for 30 min. at the desired sintering temperature. The films were then cooled to 23 or 0° C respectively for standard adsorption and activity measurement. In figure 13 in adsorption and activity for oriented and non-oriented films is very closely the same, though the oriented films are twice as porous and many times as active as the non-oriented films. It is also of interest to note that the activity of a film is the same whether the film was deposited at 23° C and then heated to the sintering tempera ture or whether the film was evaporated at the sintering temperature. The black points in figure 13 were obtained by the latter method. It is difficult to say how much the observed sintering phenomena are due to structural changes of readily accessible parts of the interior surface and how much they are due to decreased pore size. These questions will be more fully discussed below. It should be mentioned that oriented films do not lose their orientation by heating, even for longer times, at 400 or 500° C, though it may be expected that the surface actually exposed to the gas may have changed in structure.
Adsorption isotherms
In order to round out the general picture of the adsorption phenomena presented in this paper, adsorption isotherms were taken for a number of gases on nickel films. Isotherms were obtained for carbon monoxide at -183 and at 23° C, for ethylene at 23° C, for nitrogen a t -183° C, for hydrogen at 23° C and for oxygen at 23° C. In all cases, except nitrogen, irreversible chemisorption was found, the adsorption taking place in a few seconds. No nitrogen is adsorbed at room temperature.
The isotherms are shown in figure 14 plotted in fractions of the surface which the gas covers at 0-1 mm. pressure. All isotherms are of the simple Langmuir type. As already reported in the case of hydrogen and carbon monoxide the adsorption of all gases increases linearly with film weight, and the adsorption on films evaporated in 1 mm. of nitrogen or argon is twice as great as on high vacuum-evaporated films. Curves of the type shown in figure 4 for hydrogen and carbon monoxide were obtained in all cases. W ith small deviations the following adsorption ratio relative to the carbon monoxide adsorption was found for the different gases on the same type of nickel surface:
According to figure 4 the.ratio 1/2 is very exact a t 0-1 mm. pressure for carbon monoxide at -183° C and hydrogen a t 23° C. The carbon monoxide adsorption a t 23° C is about 2 0 % less than at -183° C, whereas the hydrogen adsorption at -183°C is the same as at 23° C. The carbon monoxide isotherm is completely level until it drops steeply a t very low pressure. The hydrogen isotherm at 23° C has a small slope, however, and drops sharply to only 80% of its value at 0-1 mm. pressure. This 2 0 % may also be pumped off at 23° C, indicating th a t it concerns a different type of adsorption with a very much smaller heat of adsorption. In com paring, therefore, the carbon monoxide adsorption and hydrogen adsorption at 23° C, the points where the isotherms drop sharply should be chosen, and again we obtain the ratio 1/2. The van der Waals adsorption of nitrogen at -183° C and 0*1 mm. pressure is almost exactly equal to the hydrogen adsorption at -183° C (or 23° C) which probably means th a t the nitrogen molecules lie flat on the surface taking up two spaces of the nickel lattice, since the chemisorption of hydrogen is known to take place with a dis sociation of the hydrogen molecules so th at each hydrogen atom occupies one lattice space on the surface. of oxygen which was given above as being roughly twice the carbon monoxide adsorption is actually found to be somewhat larger. This, however, is probably due to diffusion of the oxygen into the interior of the lattice, evidence for which will be presented latej. Nevertheless, a practically instantaneous adsorption of two molecules per lattice space on the surface takes place, and it must be assumed th at the oxygen immediately pene trates the first layer to allow such a large amount to be adsorbed. A slow diffusion process into the interior continues afterwards, as a small amount of oxygen will be taken up over a long period. It will be shown below in connexion with some poisoning experiments th at the oxygen adsorption layer will diffuse into the interior even if no additional oxygen is available from the gas phase. It should be mentioned th at the oxygen used for the determination of the oxygen isotherms contained a small amount of nitrogen which undoubtedly caused the somewhat erratic behaviour at the lowest pressures.
Poisoning experiment
Both carbon monoxide and oxygen poison the nickel catalysts for the hydrogenation reaction. This poisoning process has been studied in some detail and has given additional information on the catalytic and adsorption properties of the films. Since very fast chemisorption was obser ved for both oxygen and carbon monoxide, these poisons were not expected to be selective with respect to the lattice structure on the surface of the catalyst. Nevertheless, a curve was obtained as shown, drawn in full, in the upper part of figure 15 . The open circles are experiments with carbon monoxide, the black with oxygen; they were made on oriented films. The crosses were found for carbon monoxide poisoning on an unoriented film. I t may be added that whereas the total amount of carbon monoxide which the surfaces would adsorb was necessary to poison the surface completely, a rather smaller amount sufficed in case of oxygen (where, as we have seen, twice as many molecules as in the case of carbon monoxide were taken up anyhow). The fractions used in the case of oxygen are therefore taken relative to the amount which was found to poison the surface completely.
The curve obtained in figure 15 (upper part) for oriented film and the straight-line relationship (broken line) for the unoriented film may on first sight suggest th at the oriented films of higher activity are poisoned some what selectively. However, if such were true, we should expect a much larger influence for small amounts of poison than shown in the figure where the maximum curvature occurs at the higher percentages of poison. We believe th at the true explanation is as follows: From figure 3 it is seen th at the integral activity of films deposited in 1 mm. of nitrogen increases rapidly with the film thickness, whereas the increase for the high-vacuum film is almost linear. If, now, the poisoning gas molecule is adsorbed where it hits first we must expect th a t the upper more active part of the film is poisoned first leaving the lower less active part free. In computing from this standpoint the activity remaining, after poisoning, the straight-line relationship shown in the lower part of figure 15 is obtained.
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< 4 0 % SURFACE POISONED F ig u r e 15. P oisonin g curves, O ca rb o n m onoxide, • o x y g en (u p p er c u rv e s: u n co rrec ted , low er cu rv e : co rrec ted for changes in a c tiv ity w ith film th ick n ess).
Surfaces, poisoned by carbon monoxide or oxygen will still adsorb 20 % of the amount of hydrogen th at a clean surface would have taken up. This amount is the same as is represented by the nearly level part of the hydrogen isotherm. As in the case of hydrogen alone, this hydrogen can be pumped off from the carbon monoxide or oxygen adsorption layer. In agreement with observations of Benton and others (White and Benton 1931; Griffin 1939) on reduced nickel oxide catalysts the amount of hydrogen adsorbed is somewhat larger than expected if the surface is only Vol. 177. A. 6 partially covered with carbon monoxide. As we have seen from the poisoning curve such a partially covered surface will exist only at the more or less sharp boundary between the outer parts of the film which are totally covered and the inner part which is not covered a t all. This could easily be the reason for the effect observed here being very much smaller than in Benton's experiments.
An observation of special interest is the fact th at a film poisoned by oxygen for chemisorption of hydrogen and consequently for the ethylene hydrogenation will upon standing for half a day regain its power to chemisorb instantaneously the regular amount of hydrogen, the oxygen apparently having diffused into the interior of the crystal lattice. This enables one to explain the slow disappearance of hydrogen from the gas phase over an oxygen-poisoned nickel catalyst without the assumption of a slow reaction between hydrogen and oxygen at room temperature. These observations are particularly im portant from the standpoint of the slow activated adsorption of hydrogen reported so frequently in the literature and will be discussed in more detail below.
Results with other metal films
Besides nickel films, which have been studied in greatest detail, all elements of the transition series in the eighth group of the periodic system seem to have the same properties. In particular, cobalt, iron, palladium and platinum were investigated. Of these, more detailed investigations were carried out with iron and palladium which will be published in later communications. From the standpoint of the present paper the following results are im portant: The elements of the same structure as nickel (facecentred cubic) respond to evaporation in a gas atmosphere with the same orientation found for nickel, i.e. the (110) plane parallel to the backing.
The body-centred iron, however, orients with the (111) plane parallel to the backing when evaporated in nitrogen or argon, as shown in figure 16 , plate 2, the oriented films having higher activity than the unoriented films. The observations on iron are very helpful in explaining the orientation of the gas-evaporated films. This will be more fully discussed below.
It was found that copper films sinter immediately upon evaporation to such a degree th at no measurable internal surface could be observed either by chemisorption or van der Waals's adsorption a t -183° C. Blackish films were obtained by evaporating copper in nitrogen or argon on to a surface at -183° C. Upon warming, the gas was completely released and the film could be seen to acquire a more coppery appearance during this process. Only under one condition was a copper film of low though easily measurable activity obtained, th at is when the film was evaporated in hydrogen on to a surface cooled to -183° C. This film also retained some hydrogen upon warming, which evidently is the reason for its not sintering entirely. No oriented copper films could be made a t room temperature, whereas oriented gold films could be obtained fairly easily. I t seems th a t the metals of high atomic weight respond more easily to orientation by gas evaporation. This is also borne out by palladium and platinum which orient more easily than nickel, cobalt and iron; the data, however, are still incomplete with respect to this last point.
D . D is c u s s io n
Gas-induced orientation
Unless we deal with natural cleavage planes it seems impossible to make a definite statem ent as to the actual array of atoms in the boundaries of a crystal. The fact th at it has been possible to produce nickel films, the crystallites of which are oriented with their (110) planes parallel to the backing, would not in itself definitely answer this question if it were not for the additional fact th at this orientation can be induced by a gas from which further deductions can be made. If orientation is produced by the gas it seems likely that the oriented planes obtained are also exposed to the gas.* The mechanism by which gases such as nitrogen or argon induce the orientation is as yet not fully understood, and it is planned to investigate this question more carefully from the experimental standpoint before attem pting an explanation.
I t seems likely th at an adsorbed gas layer could induce the orientation by forcing the metal atoms into positions corresponding to the plane of least density (which is also the plane of highest surface energy) within the structure of the crystal lattice. In the case of nickel as shown in figure 17 the (110) plane is in fact the plane of least density. In the case of iron, orientation of the (111) plane parallel to the backing was obtained (see figure 16 , plate 2), and this plane happens to be the one of least density in the body-centred iron lattice.
However, the inducing effect of argon or nitrogen could scarcely be of this type, since neither of the gases shows, nor is expected to show, any * Differences in contact potential or photo-electric emission will be th e m ost direct proof of this question since theoretically th e work function is expected to be different for different crystal planes. Such experim ents are planned. In agreem ent w ith these expectations P aul A. Anderson has ju st reported (1939) a contact p otential of 0-12 + 0-01 V betw een an oriented (100) silver film (deposited on rocksalt) (Brtick 1936) and an unoriented film deposited on glass.
adsorption at room temperature and 1 mm. pressure. I t can be shown easily th at the time an argon molecule would have to stay on the surface in order to cover the surface with argon molecules at 1 mm. pressure is roughly 10-5 sec., which is a time many orders of magnitude greater than might reasonably be expected, even if the accommodation coefficients were unity. I t seems therefore th at the effect of these gases on the orienta tion is a purely kinetic one either through dissipation of condensation energy at the surface, i.e. by affecting the freshly formed surface itself, or through an effect on the energy distribution of the metal atoms before they reach the surface. The larger porosity of gas-evaporated film can also be explained from the standpoint of faster energy dissipation of the energy of condensation. In most of our experiments condensation took place at a rate 105 times less than th at of the gas collisions with the surface. 
Accessibility of catalyst interior
The increase of catalytic activity with the mass of the film is of great interest and shows that even for reactions which are completed in fractions of a minute the innermost layers of the catalyst participate in the reaction to the full extent of their inherent activity. This was quite clearly brought out by the poisoning experiments. The total interior surface of an oriented nickel film of for instance 50 mg. weight was found to be very close to 10,000 cm.2, whereas the apparent surface is only 30 cm.2. Let us, for the purpose of simplification, assume th at the film is composed of cylindrical canals whose diameters just touch. If then the weight of the film is 50 mg., the interior surface 10,000 cm.2, and the apparent surface 30 cm.2, it can be easily shown th at the film will have 4-4 x 1011 canals with a radius of 4*2 x 10~6 cm. and a length of 8-7 x 10~4 cm. I t may be shown now th a t the innermost portion of such a film can partake in the reaction to nearly the fullest extent on the basis of simple kinetics only. From the known reaction rate we can calculate th at at | atm. in an equal molar mixture of hydrogen and ethylene, 40 mol. of ethylene will be hydrogenated per second per single lattice space. According to figure 4 there are 12-5 x 1018 lattice spaces available in the film under consideration. The film will therefore hydrogenate 5 x 1020 ethylene mol. or 8-25 x 10~4 g.mol./sec. This amount has to be carried into the interior through 4-4 x 10u canals of 8*4 x 10~6 cm. diameter and of average length of 4-35 x 10~4 cm. Though the diameter of the canals and the mean free path of the molecules at ^ atm. of equimolar gas mixture are of the same order of magnitude, it can be shown th at the gas flow through the canals is essentially of molecule nature, and th at Knudsen's law (1909) for molecular flow will hold very closely. In calculating by this law the average pressure difference necessary between the outside and the interior of the film in order to supply 5 x 1020 hydrogen mol. per sec., and the same amount of ethylene molecules, we find an average partial pressure difference of about 0-5 mm. for hydrogen and about 2 mm. for ethylene. The maximum pressure differences between the outside and the most inner parts of the film will therefore be 1 and 4 mm. for hydrogen and ethylene respectively which is roughly 0-5 and 2 % of the partial pressure of \ atm. of each of the gases.
Since the reaction is first order with respect to hydrogen and since a slightly lower partial pressure of ethylene will increase rather than decrease the reaction rate, we may conclude th at within the experimental error and under the simplifying assumption of straight canals the observed activity of the catalyst interior is satisfactorily explained from the standpoint of simple kinetics.
The same may be said for the apparently instantaneous adsorption of most of the gases studied. If the adsorption is irreversible or if the time for which a molecule is adsorbed is very long compared with the time necessary to cover the interior surface, we may use a formula derived by Clausing (1930) for this very problem of non-stationary molecular flow into a canal. According to this approximate formula the time t necessary to cover the surface of the canal with molecules is
where L is the length and r the radius of the canal, / the surface taken up by an adsorbed molecule, and N the number of molecules which collide from the gas phase per second with the unit area of the wall.
To cover the interior surface of our film with hydrogen atoms, 6*25 x 1018 hydrogen molecules are needed which with a stationary pressure outside the film of 0-5 mm. will be supplied according to Clausing's formula in about 10~3 sec. For ethylene molecules, which cover four lattice spaces each, the time required would be twice as long. The time required to build up the gas pressure in the interior of the film to the pressure outside the film m a y be easily calculated and is negligibly small as compared to the time required to supply the molecules for the adsorbed layer.
It should be mentioned that during the reaction the ethane molecules formed will leave the interior of the film by setting up a pressure difference which is, of course, close to that of ethylene but in the opposite direction. When, however, the ethane molecules leave the film it can be readily shown that diffusion alone is not able to provide for their transport away from the film and that artificial agitation is necessary, a fact which has been amply verified by experiment, and which has necessitated the use of a circulation turbine.
We hope to take up the problem of gas diffusion into our films in greater detail after measurements of their density have been made.
Orientation and catalytic activity
The evidence which has been presented, showing that nickel films with (110) orientation possess five times the activity of unoriented films, brings up at once the very interesting question as to the actual seat of activity. The developments of the last few years leave investigators divided into two camps: adherents to the active centre theory propounding the non uniformity of catalytic surfaces and believers in the uniformity of catalytic surfaces. There seems to be no doubt that surfaces of predominantly uniform activity exist; yet it must be remembered that certain experi mental procedures may indicate such uniformity where none really exists. The poisoning experiments of this investigation, for instance, could be , interpreted as proving uniform activity if it were not for the fact that the poisons used appear to be definitely non-selective. The correlation between activity and orientation (and to some extent also the sintering experi ments) show that the surfaces are in reality not uniform. Even if we assume that oriented films are uniformly active because (110) planes only are exposed to tjie reacting gases we are forced to conclude that the crystallites of unoriented films either expose to the reacting gases other planes which are less active or that they expose a small fraction of active (110) planes together with a large fraction of planes which are less active or entirely inactive. The active centres or " active regions" would in this case coincide with a homogeneous, definite crystal lattice rather than with extra-lattice atoms or related atomic arrangements which put the emphasis on crystal or field distortions. The (110) plane of nickel contains the distances =3*51 A and a/^2 = 2*48 A (see figure 17) . Although the distance 3*51 A occurs also in the (100) plane it is not only less frequent in this plane but the adsorption of a hydrogen molecule by adiabatic expansion of its two atoms to the distance 3*51 A is made less probable in the (100) plane on account of repulsion and exchange forces exerted by the two neighbouring atoms. This has been discussed by Okamoto, Horiuti and Hirota (1936), who have calculated activation energies of the hydrogen adsorption for pairs of adjacent metal atoms in the three main crystal planes of nickel and have come to the conclusion that the activation energy is lowest for the (110) plane. Their calculations are based on Sherman and Eyring's (1932) quantum mechanical treatment of the hydrogen adsorption on a pair of carbon atoms which showed that a most favourable carbon-carbon distance exists (about 3*6 A) for which the activation energy of adsorption is a minimum.
It is, however, difficult to decide from our experimental evidence whether the process of adsorption, reaction or evaporation is faster on the (110) plane and is thus able to account for the observed difference in reaction rate. We have seen that the chemisorption of hydrogen is practically in stantaneous on both oriented and unoriented films, indicating that the activation energy is very low in both cases and that the proper spacing is possibly of less importance from this standpoint than it may be from the standpoint of the reaction itself especially in the light of recent investiga tions by Farkas (1940), which indicate that the two hydrogen atoms are added to the double bond simultaneously. Even then the adsorption of hydrogen can still remain the slow and rate-determining process as suggested by the kinetics of the hydrogenation reaction and more directly by recent work of Twigg and Rideal (1939) 
and Farkas (1938).
Work is under way to investigate more specifically the relative activity of the different crystal planes. This may be done indirectly by seeking small differences in the activation energy of the hydrogenation reaction which has been found in agreement with earlier work to be about 10 kcal. If the reaction proceeds on different planes with different activation energies such a difference in activation energy should be observable though the difference will be small. If, on the other hand, the reaction proceeds on the (110) plane predominantly, and if this plane is simply five times less abundant in the unoriented film, no difference in activation energy is expected. Measurement of the heat of adsorption would also be very desirable in this connexion. A more direct way is also being attem pted. Single crystal films of palladium which show (100) planes parallel to the backing have been successfully obtained by evaporating palladium on to rocksalt cleavage planes. Figure 18 (plate 2) shows an electron diffraction pattern obtained by grazing incidence of the beam from a film several thousand atoms thick which was obtained by evaporating palladium on to a rocksalt cleavage plane at about 350° C. Figure 19 (plate 3) shows an X-ray pattern of another film (20,000 atoms thick) still on its rocksalt base, the beam being normal to the film. Figure 20 (plate 3) shows the X-ray pattern of the film itself after the rocksalt was dissolved. I t is seen th at the palladium single crystal film is rather strained. A fuller discussion of these films will be given in a later communication when the catalytic experiments have progressed further.* From the standpoint of the theory of crystal growth, Stransky (1921) has pointed out th at there is a fundamental difference between ionic crystals and homopolar crystals. Whereas the former grow from sharp corners and edges, the planes filling up subsequently, the latter grow from the centre of the planes and leave, instead of edges and corners, surfaces of higher specific surface energy, possibly (110) planes or possibly planes of even higher indices which will serve as active regions. These surfaces will have a small area, corresponding to their high surface energy unless they are forcibly produced as in our case by evaporation in a gas.
Bearing of the results on the general problem of adsorption
The results of adsorption measurement are of particular interest from the standpoint of the work of Roberts (1935) . Roberts has developed a direct method of measuring the adsorption of certain gases on a bare tungsten surface by using the change of the accommodation coefficient of neon on a bare surface and a surface covered with an adsorbed film. He found that chemisorption of hydrogen, for instance, takes place very rapidly at extremely low pressures (10-4 to 10-5 mm.) and even at very low temperature (79° K), and he has rightly pointed out th at this behaviour is not in agreement with the conception of activated adsorption which is generally assumed to govern this adsorption phenomenon. The present work corroborates these views for surfaces more than a million times greater than those of Roberts. Furthermore, these surfaces are typical * These experim ents were carried o u t in th e la tte r p a rt of 1938. Ind ep en d en tly S. to rd h a m and R . G. K halsa (1939) have reported th e sam e m ethod of obtaining palladium single crystals. E arlier literatu re is to be found in th eir paper. hydrogenation catalysts for which the application of Roberts's findings on tungsten has been repeatedly questioned in the literature. Roberts has already pointed out th a t if the term 'chemisorption' be reserved for an irreversible adsorption as observed by him and in the present work, it must be stressed th a t this adsorption is not synonymous with activated adsorption, though many cases of activated adsorption may also be chemisorption. Roberts has also expressed the suspicion th a t activated adsorption of hydrogen, as observed on reduced metal oxide catalysts, very likely may be an effect of residual oxygen which by slow reaction with hydrogen simulates a slow adsorption. Even this assumption is not fully necessary, as we have been able to show th at a freshly adsorbed layer of oxygen on nickel will prevent immediate hydrogen adsorption but, upon standing for half a day in high vacuum, will have diffused into the metal interior far enough to allow the adsorption of a complete hydrogen layer. Furthermore, Roberts has shown th at a diatomic gas like hydrogen when adm itted to the tungsten surface will leave about 8 % of the lattice spaces empty. This again is in agreement with our observation according to which about 20% of the hydrogen adsorbed at 0T mm. and room tem perature may be readily pumped off. It seems likely th at comparatively loosely bound molecules of hydrogen are adsorbed on the empty single spaces which would account for at least 16% of the total amount adsorbed. In this case, also, the measurements of heats of adsorption which we have planned are very desirable.
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On the mechanism of boundary lubrication The effect of long-chain polar com pounds on th e coefficient of kinetic friction under boundary conditions has been studied using th e Boerlage four-ball friction ap p aratu s in various m odifications. W ith steel balls of th e highest grade, coefficients of friction for a great num ber of lubricants were m easured as a function of th e relative velocity of th e rubbing surfaces.
The stru ctu re of th in films of these lubricants rubbed on polished m ild steel surfaces was investigated by electron diffraction.
I t was found th a t lubricants showing little or no surface o rientation had a constant coefficient of friction of ab o u t 0T over th e available velocity range from 0 to 1 cm./sec. W ith oils which showed high surface orientation im parted by addition of long-chain polar com pounds, a sudden decrease of th e coefficient of th e friction was observed a t various velocities of th e sliding surfaces, depending upon th e com pound used. Investigation of a g reat num ber of com pounds gave a direct correlation of this effect w ith m olecular o rie n ta tio n : those com pounds causing the effect to occur a t the lowest velocities were found to be m ost highly oriented w ith th eir carbon
